We study the phenomenon of electromagnetically induced transparency and absorption (EITA) using a control laser with a Laguerre-Gaussian (LG) profile instead of the usual Gaussian profile, and observe resonances with width up to 20 times below the natural linewidth. Aligning the probe beam to the central hole in the doughnut-shaped LG control beam allows simultaneously a strong control intensity required for high signal-to-noise ratio and a low intensity in the probe region required to get narrow resonances. Experiments with a second-order LG beam show that transit time and orbital angular momentum do not play a significant role. This explanation is borne out by a densitymatrix analysis with a radially varying control Rabi frequency. We observe these resonances using degenerate two-level transitions in the D2 line of Rb in a room temperature vapor cell. We show that the linewidth is reduced by about a factor of 4 compared to the use of a Gaussian control beam, which should prove advantageous in all applications of EITA and other kinds of pump-probe spectroscopy.
I. INTRODUCTION
The Laguerre-Gaussian (LG) beam, also known as a doughnut mode because the phase singularity of the electric field leads to a hole in the center, has found important applications in several areas of physics. For example, the orbital angular momentum associated with the photons in the LG beam [1] has been used to rotate optically trapped microscopic particles [2] or create quantized vortices in a Bose-Einstein condensate [3] . LG beams have been used to create a waveguide for atoms [4, 5] , and to reduce the linewidth of Hanle resonances [6] . Here, we show that the LG beam can be used to create narrow resonances at the line center of an optical transition with an unprecedented reduction in linewidth of 20 times below the natural linewidth. We use the LG beam as a control beam in the well-known phenomenon of electromagnetically induced transparency and absorption (EITA) [7] [8] [9] , a phenomenon in which the strong control beam is used to modify the properties of a medium for a weak probe beam. We show that the LG control beam causes a significant narrowing compared to the usual Gaussian control beam. EIT has wide-ranging applications such as lasing without inversion [10] , nonlinear optics [11] , slowing of light [12] (for use in quantum-information processing), and white-light cavities [13] (for use in gravitational wave detection). EIA has been proposed for applications such as sub to superluminal switching of the probe pulse [14] , and giant enhancement of the Kerr nonlinearity [15] . In many of these applications, it is the anomalous dispersion near the EITA resonance that is responsible for the effects. Thus, the narrower the EITA resonance, the more pronounced these effects. Narrow EITA resonances also * Electronic address: vasant@physics.iisc.ernet.in; URL: www.physics.iisc.ernet.in/~vasant play an important role in high-resolution spectroscopy [16, 17] and tight locking of lasers to optical transitions.
The underlying mechanism for EITA is the shift of the energy levels of the atom away from line center through the AC Stark effect (creation of dressed states [18] and an Autler-Townes doublet). The shift is equal to the Rabi frequency of the control laser, therefore the EITA resonance is subnatural when the power in the control laser is sufficiently small-e.g. a resonance width of 0.25 Γ has been seen with a control Rabi frequency of 0.3 Γ [19] . However, a small control power implies a correspondingly low signal-to-noise ratio (SNR) in the probe spectrum. As a consequence, in the above observation of the 0.25 Γ linewidth, the EIT dip is barely visible above the noise. The LG control beam is ideally suited to overcome these conflicting requirements; by aligning the probe beam to the center of the LG control beam, the control power can be increased for high SNR while maintaining a negligibly small power in the region of the probe required for the narrow resonance. Physically, the doughnut structure of the control beam leads to a spatial variation of the control Rabi frequency, with a low frequency in the region where the absorption of the probe beam is significant. This explanation is borne out by a detailed density-matrix analysis using a radially varying control Rabi frequency, which shows that the LG profile gives a smaller linewidth compared to the Gaussian profile. The spatial separation of the intense part of the two beams also allows the probe beam to be detected with minimal contamination from the LG control, which is often a problem with a control beam that has a Gaussian profile. Thus, the use of an LG beam should prove advantageous in several other kinds of pump-probe spectroscopy.
EITA is usually studied in three-level or multilevel systems, with the control and probe lasers on separate dipole-allowed transitions. We have recently shown the this can be observed in a "two-level system" [9] , i.e. one in which both lasers are on the same transition and no third level is involved. Of course, each level is composed of multiple magnetic sublevels (making it a "multilevel system"), but this is true of all EITA experiments, even those that are called three-level systems for example. Indeed, one of the transitions we use is from F = 1 to F ′ = 0, which is the simplest transition in terms of the number of sublevels involved. In our earlier work using a Gaussian control beam [9] , we demonstrated the subnatural features on the 87 Rb D 2 line, and showed that the narrow resonance appears as enhanced absorption (EIA) for F = 2 ↔ F ′ transitions and enhanced transparency (EIT) for F = 1 ↔ F ′ transitions. Here also we observe the same difference but the features are much narrower. For the F = 2 ↔ 1 transition, the resonance has a full width that is 20 times below the natural linewidth, which as far as we know is the narrowest feature ever observed for a probe laser on a dipole-allowed transition. (The narrowest feature reported previously is Γ/7 also from our laboratory [20] ). Considering that the LG beam can be produced quite easily by using a printout of a computergenerated hologram, the use of LG control beams should vastly increase the applications of EITA.
The LG beam is known to carry orbital angular momentum, therefore one might expect that the linewidth reduction is due to the torque on the atoms resulting in increased transit time within the control beam. To understand whether the transit time limits the linewidth, we have studied the EITA phenomenon with an expanded Gaussian control beam (thereby increasing the time that atoms spend in the beam), and with a second-order LG control beam (thereby increasing the torque on the atoms by a factor of two). We find no reduction in linewidth, which shows that transit time does not play a significant role.
II. EXPERIMENTAL DETAILS
The energy levels of the 5S 1/2 ↔ 5P 3/2 transition (D 2 line) in 87 Rb used for the experiments are shown in the inset of Fig. 1 . The upper state has a natural linewidth Γ = 2π × 6 MHz. There are two hyperfine levels (F = 1, 2) in the ground state and four hyperfine levels (F ′ = 0, 1, 2, 3) in the excited state, thereby allowing two sets of transitions: F = 1 → 0, 1, or 2 (lower ground-level transitions), and F = 2 → 1, 2, or 3 (upper ground-level transitions). Both the control and the probe lasers are on the same two-level transition.
The set of Laguerre-Gaussian modes (LG l p ) forms a basis set to describe paraxial laser beams [21] . The indices l and p are the winding number (the number of times the phase completes 2π on a closed loop around the axis of propagation) and the number of radial nodes for radius ρ > 0, respectively. We use the LG coordinates) given by,
so that the peak-to-peak diameter is √ 2w 0 . The experimental schematic, shown in Fig. 1 , is similar to that in our earlier work [9] , except that the control beam has an LG profile. It is generated by diffracting the Gaussian beam output of a grating-stabilized diode laser [22] through a computer-generated transmission hologram [23, 24] . The laser frequency is scanned by electronically varying the angle of the grating using a piezoelectric transducer. The control beam power in the experimental cell is 0.3 mW and its w 0 size is 1.4 mm. The probe beam is derived from a similar but independent diode laser system. Part of the beam is sent through an acousto-optic modulator (AOM) into a saturatedabsorption spectrometer. The frequency of the AOM is modulated at 30 kHz to generate the error signal for locking the laser to a peak. Frequency modulation using the AOM rather than by direct modulation of the diode current is important in keeping the laser linewidth as small as possible, and observing the narrowest features. The two beams are linearly polarized in orthogonal directions so that they can be mixed and separated using polarizing beam-splitter cubes, and only the probe beam can be detected.
The probe beam is expanded to a large size and then apertured to a diameter of about 1 mm. This ensures that the intensity is roughly constant over this size. The total power in the beam entering the cell is 6 µW. It is aligned to the central hole of the LG control beam, as shown in the figure. The two beams co-propagate through a room temperature vapor cell of size 25-mm diameter × 50-mm long. The cell contains pure Rb (both isotopes in their natural abundances and with no buffer gas), and has a multilayer magnetic shield around it. The linear absorption of the probe beam through the cell is about 2%.
III. RESULTS AND DISCUSSION
Before turning to the results, we first demonstrate the advantages of scanning the control laser while keeping the probe laser locked. Any spectrum is obtained by measuring the response of a system while scanning the input frequency. Most EITA spectra are obtained by looking at probe transmission while scanning its frequency, while the control beam is locked [19] . Instead, we use a technique where the probe laser is locked on resonance while the detuning of the control laser is scanned [17] . This is a technique that we have developed to overcome the firstorder Doppler effect so that the spectrum appears on a flat background. The underlying reason is that the locked probe beam addresses only the zero-velocity atoms, and its absorption remains Doppler free until it is modified by the control beam. This advantage is seen clearly in Fig.  2 . The probe-transmission spectrum for the F = 2 → 1 transition is obtained either with ∆ c = 0 (zero control detuning) and ∆ p scanning [in (a)], or with ∆ p = 0 (zero probe detuning) and ∆ c scanning [in (b)]. In both cases, the linewidth is similarly subnatural (about 1 MHz or Γ/6), but the flat background obtained with control scanning makes the lineshape much better. Therefore, all the results presented below were obtained by scanning the control laser, as has been the case with most of our recent work [25] .
The first experiments were done on the upper-level transitions. A typical probe-transmission spectrum obtained on the F = 2 → 1 transition with the LG control is shown in Fig. 3(a) . The spectrum is normalized to make the signal equal to 1 away from line center, corresponding to absorption by zero-velocity atoms. As we approach the center, the control laser both depletes the population and saturates the transition, resulting in enhanced transmission similar to the peaks seen in saturated-absorption spectroscopy. Exactly at line center, there is a narrow enhanced absorption dip. The solid line in the figure is a curve fit to two Lorentzian lineshapes, a broad EIT peak to account for the population-depletion and saturation effects, and a narrow EIA dip which is the controlinduced resonance. The featureless residuals show that the two Lorentzians describe the spectrum well, and that the noise level is less than 5% of the signal. The full width at half maximum (FWHM) of the EIT peak is 23. dented factor of 20 below the natural linewidth. The maximum Rabi frequency of the control beam, corresponding to E 0 in Eq. 1, is given by Ω R0 = 2.5 Γ. Considering that the rms linewidth of our free-running laser is of order 1 MHz [22] , the fact that we can see such a narrow feature means that the linewidth of the laser when it is locked is considerably smaller. It also appears that the width of the EIA resonance can be reduced further if the linewidth of the laser can be reduced, using well-established techniques such as by locking to a high-finesse cavity.
The comparison to a spectrum obtained under similar conditions but with a Gaussian control beam is shown in Fig. 3(b) . The conditions are "similar" in the sense that the probe power is the same, and the total control power is increased so that the maximum control Rabi frequency at the center of the Gaussian is roughly the same at 2.7 Γ [26] . The general structure is the same as before, with a broad EIT peak due to population loss and a narrow EIA dip at line center. However, the EIA dip of 1.2 MHz is about 4 times wider than seen with the LG control and less deep. The broad optical-pumping EIT peak is also more prominent because of the higher control power in the region of the probe. These observations are similar to that in our earlier work in Ref. [9] . We must contrast the narrow EIA feature seen by us with enhanced-absorption features seen in the earlier work of Ref. [27] , where also the magnetic sublevels of a transition in the D 2 line of Rb were used. The earlier work is like the phenomenon of coherent population trapping (CPT) in a Λ system [28] , with two phasecoherent beams driving the atoms into a bright superposition state. The narrow feature (with width of about 0.1 MHz) is seen when the difference frequency between the two beams is equal to the splitting of the ground levels, so that the ground levels are resonantly coupled to the excited level (the two-photon Raman resonance condition). In that work [27] , the Raman resonance condition corresponded to zero difference frequency between the two beams (because of the use of degenerate sublevels), and the phase coherence was achieved by using a single laser to generate both the beams. CPT experiments gain from the use of buffer-gas filled cells since that increases the ground-state coherence times and reduces the linewidth of the observed resonance. By contrast, the use of such cells actually kills the EIT signal [29] . Linewidths as narrow as 42 Hz have been observed for coherent dark resonances in a Cs vapor cell filled with N 2 buffer gas [30] , but that cannot be called subnatural because the natural linewidth of the upper state of the Λ system (5 MHz) does not enter the picture. Rather, the relevant natural width is the width of transitions between the two lower levels, which is typically less than a Hz because it is an electric-dipole-forbidden transition. Since the frequency or linewidth of the probe laser is not directly relevant, the narrow feature in CPT can only be used to stabilize the phase difference between the beams (which is the well-known clock transition in the above case). On the other hand, our subnatural resonance appears when the frequency of a laser on an optical transition is scanned. It can be used for high-resolution spectroscopy of the excited state [16] , tighter locking to an atomic transition, or any application where the properties (absorptive and dispersive) of an independent laser are important.
We next turn to spectra obtained for lower-level transitions. The comparison of spectra for the F = 1 → 0 transition obtained with the LG control and the Gaussian control is shown in Fig. 4 . The spectra are again normalized to unit absorption away from line center, but the Gaussian spectrum is obtained with a slightly smaller value for the maximum Rabi frequency of 2 Γ. In this case, optical pumping by the control laser near line center increases the population in the m F = ±1 sublevels and hence causes a decrease in probe transmission, as explained in our earlier work [9] . This broad opticalpumping dip is more prominent for the Gaussian control and almost negligible for the LG control, which is to be expected because the Gaussian control is stronger in the region of the probe. At line center, the controllaser induced resonance now appears as an EIT peak. The FWHM is Γ/3 for the Gaussian control and a significantly smaller value of Γ/10 for the LG control. Thus the improvement in going from Gaussian to LG is almost the same as that of the upper-level transitions, but the overall widths are about 2× higher. The curve fit to two Lorentzians describes the data well with featureless residuals and high signal-to-noise ratio.
The features that we observe are robust in terms of polarization and power. Similar narrow resonances are obtained if the polarization of the two beams is changed from linear to circular, i.e. lin ⊥ lin to σ + σ − (implemented by putting λ/4 waveplates on either side of the cell). With increase in control power, there is a slight increase in linewidth, which is similar to the behavior with a Gaussian control beam [20] . But over more than a factor of 3 increase in power, the resonances obtained with the LG control remain consistently below 1 MHz in width, which is something we have never seen with a Gaussian control beam [9] . One possible explanation for this is that the LG beam carries orbital angular momentum (OAM), and hence provides a torque on the atomic trajectory within the beam. This increases the transit time and can result in a narrowing of the resonance if the transit time limits the linewidth. To understand the role of transit time in more detail, we have studied the EITA phenomena with an expanded Gaussian control beam, which should increase the transit time directly. The expanded Gaussian beam is 2.5 times larger, and has the same power as before. This means that the transit time is increased by this factor, while the Rabi frequency is reduced by the same factor. Both of these effects should cause a decrease in linewidth, instead we observe a 20% increase. And this increase is there for both EIA resonances (upper-level transitions) and EIT resonances (lower-level transitions). This shows that transit time does not limit the observed linewidth.
We have further studied the role of OAM by using a second-order LG beam. This should double the torque on the atoms and hence increase the time spent by the atoms within the control beam. The spectra obtained with the LG 2 control are shown in Fig. 5 . The important thing to note is that both the EIA and EIT features have the same linewidth as that obtained with the LG 1 control. One might argue that there is actually further narrowing by the LG 2 control but our laser linewidth is preventing us from seeing a feature narrower than 0.3 MHz (for the F = 2 → 1 transition). However, this is belied by the lack of narrowing of the 0.6 MHz feature for the F = 1 → 0 transition. We thus conclude that the OAM carried by the LG beam plays a negligible role in the linewidth reduction.
IV. DENSITY-MATRIX CALCULATIONS
In our previous work with Gaussian control beams [9] , we had done a complete density-matrix analysis of the sublevel structure to support the observations, especially the fact that we get EIA for transitions starting from F = 2 and EIT for transitions starting from F = 1. The qualitative reason for this difference was shown to be the difference in number of sublevels for the dominant transition in each set. Since this does not depend on the intensity profile of the control beam, the same difference also appears in our present work. However, there is a marked difference in the linewidth of the resonances, which is obviously related to the profile of the LG over the Gaussian. Our experiments with the expanded Gaussian also show that a weaker control beam with the same Gaussian profile will not narrow the resonance. Therefore, the particular profile of the LG mode appears important for the narrowing.
To verify this explanation, we have done a densitymatrix calculation with the two profiles for the F = 1 → 0 transition, which forms a simple Λ system (as shown in the inset of Fig. 6 ) when the beams have σ + σ − polarizations. We choose this because the Λ system has been widely studied in the literature, and there is an analytic expression for probe absorption in the weak-probe regime [20, 31] . The spectra are calculated for a radially varying control Rabi frequency-varying either as Gaussian or LG-so that the radial profile leads to a radial dependence of probe absorption. The results for the two profiles are shown in Fig. 6 . In the calculation done in Ref. [5] to explain atom waveguiding by an LG beam, the spatial variation in Rabi frequency included both the amplitude and phase of the electric field. But our experiments with the LG 2 beam show that the phase (and resulting OAM) do not play a significant role. Therefore, the calculations are done with only the amplitude variation of the electric field. The value of w 0 for both profiles is taken to match the experimental value of 1.4 mm. The maximum control Rabi frequency is taken to be 0.66 Γ. This is smaller than the experimental value because the calculation does not take into account Doppler averaging, which we have shown results in a further narrowing of the EIT resonance [20] .
The figure shows clearly that there is significant narrowing with the LG control, exactly as seen in our experiments. The calculation does not capture the phenomenon of optical pumping, because, in the steady state, the control laser will cause complete population transfer due to optical pumping and suppress any other feature. Neither can it capture the signal-to-noise ratio, which plays an important role in our experiment. Nevertheless, it shows that LG profile (without OAM) causes narrowing compared to the Gaussian profile.
V. CONCLUSION
In conclusion, we have studied the phenomenon of electromagnetically induced transparency and absorption using a control beam with a Laguerre-Gaussian profile instead of Gaussian, and find a marked reduction in the width of the control-induced resonances. We study these resonances using two-level hyperfine transitions on the D 2 line of 87 Rb. The system is two level in the sense that both the control and probe lasers are on the same transition and no third level is involved, but each level has multiple magnetic sublevels. We see narrow EIA resonances for upper-level transitions and narrow EIT resonances for lower-level transitions, a difference that was explained using density-matrix analysis of the sublevel structure [9] . We find the same difference here, but the resonances are significantly narrower. For the F = 2 → 1 transition, we obtain a width that is 20 times below the natural linewidth. The physical explanation for the narrowing is the almost negligible control power for the LG beam in the region where the probe absorption is high. We show that transit time and the OAM carried by the LG beam do not play a significant role. The above explanation is verified by a densitymatrix calculation for the F = 1 → 0 system with the two profiles. We have also studied the effect of an LG control beam for EIT in the more conventional 3-level Λ-type systems. Such systems can be formed in 87 Rb using the levels F = 1 → F ′ = 1 ← F = 2 or the levels F = 1 → F ′ = 2 ← F = 2 [20] . We again see a reduction in linewidth compared to the use of a Gaussian beam. Similarly, the use of an LG control beam has been shown to cause a reduction in linewidth of the Hanle resonance [6] . Therefore, it seems that the use of an LG beam could prove advantageous in several kinds of pump-probe spectroscopy experiments.
